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Bs Properties at the Tevatron
Sergey Burdin for the CDF and DØ collaborations
Fermi National Accelerator Laboratory, Batavia, Illinois 60510, USA
Abstract. Recent results on Bs properties obtained by the CDF and DØ collaborations using the data samples collected
at the Tevatron Collider in the period 2002 – 2006 were presented at the Hadron Collider Physics Symposium 2006 (Duke
University, Durham). The measurements of Bs mass and width differences are discussed in details. Prospects on measurements
of CP violation in Bs system are given.
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INTRODUCTION
Run II at the Tevatron Collider started in 2001. The CDF and DØ experiments have successfully collected data since
that time. Until February 2006 each experiment recorded data corresponding to an integrated luminosity of about
1.4 fb−1. The analyses described in this paper are based on samples corresponding to luminosity from 0.18 to 1 fb−1.
The CDF and DØ B physics programs benefit from production of all species of B hadrons at the Tevatron Collider.
This leads to a possibility of systematic studies of such phenomena as Bs mixing, lifetime difference, rare decays and
CP violation. Simultaneous measurements of relevant Bd quantities provide very good opportunities for cross-checks
of the results by comparisons with B factories [1]. Though, there are more and more cases when the Tevatron Bd
results have comparable or even better precision. The combined Bs and Bd results tighten the overconstraint of the
CKM matrix elements. Any discovered inconsistency would indicate presence of the new physics outside of scope of
the Standard Model (SM).
Table 1 lists the recent Tevatron Bs results. The results on Bs mixing, lifetime difference and CP violation will be
discussed in details.
TABLE 1. Recent Bs results from Tevatron.
Quantity CDF (∫ L dt, fb−1) DØ (∫ L dt, fb−1)
∆ms, ps−1 17.33+0.42−0.21 ±0.07 (1) 17−21@90% (1)
∆Γs, ps−1 0.47+0.19−0.24 ±0.01 (0.260) 0.15±0.10+0.03−0.04 (0.800)
∆ΓCP/ΓCP(Bs → KK) [2] −0.08±0.23±0.03 (0.360) —
cτs, ps 1.381±0.055+0.052−0.046 (0.360) 1.398±0.044+0.028−0.025 (0.400)
Br(Bs → µµ)×107 [3] < 1@95% (0.780) < 2.3@95% ∗ (1)
Br(Bs → µµφ) [3] < 6.7×10−5@95% (Run I) < 4.1×10−6@95% (0.450)
Br(Bs → D
(∗)+
s D
(∗)−
s ) — 0.071±0.032+0.029−0.025 (1)
Br(Bs → D+s D−s )/Br(Bd → D+s D−) 1.67±0.41±0.47 (0.355) —
Br(Bs → φφ)×103 7.6±1.3±0.6 (0.180) —
Br(Bs → D1−s µ+νX)×102 — 0.86±0.16±0.16 (1)
Br(Bs → Ds3pi)/Br(Bd → D−3pi) 1.14−1.19 (0.355) —
Br(Bs → ψ(2S)φ)/Br(Bs → J/ψφ) 0.52±0.13±0.07 (0.360) 0.58±0.24±0.09 (0.300)
Observation B0∗s2 — 135±31ev. (1)
∗ expected
Bs MIXING, LIFETIME DIFFERENCE AND CP VIOLATION
Time evolution of the neutral B−B systems, B0d −B
0
d and B0s −B
0
s , is described by the Schrödinger equation:
i
d
dt
(
|B0〉
|B0〉
)
=
(
M− iΓ2 M12−
iΓ12
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M∗12−
iΓ∗12
2 M−
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)(
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(1)
The mass eigenstates do not coincide with the corresponding flavor states (see e.g. [4]): |BL〉= p|B0〉+q|B0〉, |BH〉=
p|B0〉− q|B0〉, where |p|2 + |q|2 = 1. Mass differences between the Bd(s) mass eigenstates can be expressed through
off-diagonal elements of the Hamiltonian from Eq. 1
∆m = MH −ML ≈ 2|M12|. (2)
Corresponding lifetime differences are
∆Γ = ΓL−ΓH ≈ ∆mℜ(Γ12/M12) = 2|Γ12|cosϕ , where ϕ = arg(−M12/Γ12). (3)
The non-zero off-diagonal elements of the Hamiltonian lead to a property of B0d and B0s mesons to change flavor
and transform into their antiparticles. This phenomenon is called oscillation or mixing. The oscillation frequency
is proportional to the mass difference ∆md(s). The phase angle ϕ connects the quantities ∆m and ∆Γ to the third
measurable parameter a f s = ℑ(Γ12/M12) = (∆Γ/∆m) tanϕ , which determines CP violation in mixing. The value
∆md is very well measured with the highest accuracy achieved at the BABAR and BELLE experiments [5]. The
value ∆Γd is expected to be small due to double Cabbibo suppression (∆Γd/Γd = (2.42± 0.59)× 10−3 [6] to
be compared with the experimental result from BABAR and DELPHI: ∆Γd/Γd = (0.9± 3.7)× 10−2 [5]). The
SM value adf s = −(5.0± 1.1)× 10−4 [7, 25] could be enhanced in presence of new physics up to 0.01 [4, 7]
(updated calculations are in [26]). The Standard Model predictions for these parameters for Bs system are following:
∆ms ∼ 20 ps−1 [8, 9], ∆Γs/Γs = (7.4±2.4)×10−2 [6] (more recent theoretical calculations are available in [27]) and
asf s = (2.1± 0.4)× 10−5 [7, 25]. New phenomena could influence differently the Bd and Bs systems.
B0s −B
0
s mixing
The ∆ms measurements are challenging due to high Bs oscillation frequency. It is about 40 times higher than
∆md = 0.508± 0.004 ps−1. The corresponding period of Bs oscillations (∼ 100 µm) requires to have enough events
with the proper decay length resolution of the order of 20− 25 µm to resolve these oscillations. Significance of the
oscillation signal can be expressed using the following formula [10]:
S ∼
√
SεD2
2
· exp
(
∆m2s
2
(
mB
〈p〉
σ2L +
(
t
σp
p
)2))√ S
S+B
, (4)
where S (B) is the number of signal (background) candidates; ε is the tagging efficiency; D is the tagging dilution; σL
is the decay length resolution; σp/p is the relative momentum resolution. The tagging dilution is related to the mistag
probability η : D = 1− 2η . Here, the tagging means determination of Bs flavor at the production time.
Both CDF and DØ used data samples corresponding to 1 fb−1 of integrated luminosity in the Bs oscillation analyses.
The CDF strategy for collecting the Bs samples is based on the displaced track triggers and DØ exploited its muon
system. The DØ experiment collected 26,710± 556 Bs → XµνDs(→ φpi) candidates shown in Fig. 1 (left). CDF
reconstructed 3,600 hadronic B0s → D−s (pi+pi−)pi+ and 37,000 semileptonic B0s → l+D−s X (l = e,µ) decays. In both
cases the modes D−s → φpi−, K∗0K−, pi+pi−pi− were used. The hadronic B0s → D−s pi+ sample is shown in Fig. 1
(right). Semileptonic decays have much broader distribution on reconstructed Bs momentum resolution (3− 20%) in
comparison with fully reconstructed hadronic decays. Equation 4 shows that this resolution becomes important for
large proper decay times. This decreases significantly power of the semileptonic Bs samples.
Calibration of the decay length resolution is essential for the Bs mixing analyses due to high ∆ms oscillation
frequency. CDF utilized large sample of prompt D+ mesons combined with one or three tracks from the primary vertex.
This combination effectively simulates the B0s → D−s (pi+pi−)pi+ topology with known “B0s ” decay vertex allowing to
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FIGURE 1. B0s signal samples at DØ (left) and CDF (right).
calibrate the vertex resolution. DØ used J/ψ → µ+µ− sample where ∼ 70% of J/ψ mesons are prompt. Overall
decay length resolution scale factors have been determined using this sample: 1.0 for 72% of events and 1.8 for the
rest. Simulated events were used to check a dependence of these scale factors from events topologies.
The tagging utilizes information from fragmentation track at the Bs reconstruction side (same-side tagging) or
tries to determine the B flavor at the opposite side through partial reconstruction of its decay products (opposite-side
tagging). The first technique is characterized by high efficiency ε and relatively low dilution D . The opposite-side
tagging has low efficiency but higher dilution. As can be seen from equation 4 the tagging power is determined
by combination of these two parameters: εD2. The opposite-side tagging was calibrated using Bd and Bu samples.
The opposite-side tagging power was measured to be equal εD2 = 2.5± 0.2% at DØ and εD2 = 1.5± 0.1% at
CDF. The same-side tagging was used at CDF with the power εD2 = 3.5% (4.0%) for the hadronic (semileptonic)
sample determined using the PYTHIA Monte Carlo simulated events. Particle identification used for selection of the
fragmentation track significantly improved the same-side tagging power.
Probability for a Bs candidate to be reconstructed as oscillated (changed flavor with respect to the production time)
or non-oscillated is following:
pnos/oscs =
K
2τBs
e
− KxcτBs (1±D cos(∆ms ·Kx/c)) , where K =
pµDs
pBs
. (5)
To detect a signal the amplitude scan method is used [11]. The probability is modified adding the parameter called
amplitude A to the cosine term: cos(∆ms ·Kx/c) ·A . The amplitude A is consistent with 1 for ∆ms = ∆mtrues and
otherwise consistent with 0. Fig. 2 shows the amplitude scans from DØ (left) and CDF (right). The DØ amplitude scan
shows 2.5σ deviation from 0 at 19 ps−1 with the expected 95% CL limit 14.1 ps−1. The CDF amplitude scan reveals
the signal around 17 ps−1 with the expected 95% CL limit 25.3 ps−1.
The log likelihood scans (Fig. 3) are in agreement with the amplitude scans. DØ sets the two-sided limit 17 <
∆ms < 21 at 90% CL [12]. The probability of background fluctuation to give signal of the same significance is 5%.
The corresponding CDF result is 17.01< ∆ms < 17.84 ps−1 at 90% CL with the probability of background fluctuation
0.2% [13]. The central value of Bs oscillation frequency from CDF is ∆ms = 17.31+0.33−0.18(stat.± 0.07(syst.) ps−1 in
good agreement with the theoretical SM predictions.
Lifetime difference in B0s −B
0
s system
Measurements of the lifetime difference in B0s −B
0
s system is possible through study of the Bs decays with common
final states for B0s and B
0
s . Examples of such final states are J/ψφ , D(∗)+s D(∗)−s and K+K− (theoretical calculations are
given in [28, 29, 30]). The Tevatron presented results on all these decays.
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FIGURE 2. B0s amplitude scan at DØ (left) and CDF (right).
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FIGURE 3. B0s log likelihood scan at DØ (left) and CDF (right).
The decay Bs → D+s D−s has pure CP-even final state. It is expected that the inclusive decays Bs → D
(∗)+
s D
(∗)−
s is
also CP-even with 5% uncertainty. Then, a measurement of the branching ratio Br
(
Bs → D
(∗)+
s D
(∗)−
s
)
leads to ∆ΓCP:
∆ΓCP
Γ
∼
2Br(Bs → D(∗)+s D(∗)−s )
1−Br(Bs → D(∗)+s D(∗)−s )/2
. (6)
∆ΓCP is equal to ∆Γs assuming ϕ = 0 (see Eq. 3).
CDF reconstructed 23.5± 5.5 candidates of the decay Bs → D+s (→ φpi+)D−s (→ φpi−) (see Fig. 4 (left)). The
branching ratio was measured relative to the decay Bd →D+s D−: Br(Bs →D+s D−s )/Br(Bd →D+s D−) = 1.67±0.41±
0.47 [14]. Work on ∆ΓCP measurement is in progress.
DØ used semileptonic Ds decays due to trigger requirements and reconstructed 19.3± 7.8 candidates of the decay
Bs → D
(∗)+
s (→ φ µ+ν)D(∗)−s (→ φpi−) (see Fig. 4 (right)). As a normalization process the decay Bs → D(∗)+s (→
φpi+)µ+ν was chosen. The branching ratio Br(Bs → D(∗)+s D(∗)−s ) = 0.071± 0.032(stat.)+0.029−0.025(syst.) was measured.
Using Eq. 6 the value ∆ΓCP/Γs = 0.142± 0.064(stat.)+0.058−0.050(syst.) was determined [15].
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FIGURE 5. Bs CP-even and CP-odd lifetimes from DØ (left). Dependence of ∆Γs results from average Bs lifetime (right). “CDF
2004” and “DØ 2006” results refer to the Bs → J/ψφ analyses.
CDF determined the lifetime difference ∆ΓCP(Bs → K+K−)/ΓCP(Bs → K+K−) =−0.08± 0.23± 0.03 [16] using
the Bs lifetime measurement in the K+K− final state: τ(Bs → K+K−) = 1.53± 0.18(stat.)± 0.02(syst.) ps [2].
The final state J/ψφ is a mix of CP-even and CP-odd states which can be separated using angular distributions
and the corresponding lifetimes can be measured (Fig. 5 (left)). The DØ result updated using 0.8 fb−1 is ∆Γs =
0.15± 0.10(stat.)+0.03−0.04(syst.) [17].
Fig. 5 shows the ∆Γs results as functions of average Bs lifetime. The SM theoretical prediction [18] is shown as the
horizontal band.
CP violation
The Tevatron experiments have possibilities to measure both direct CP violation and CP violation in mixing.
The direct CP violation can be measured using the decay B0s → K−pi+ [30]. CDF collected a sample of hadronic
two-body B decays which consists of B0d → pi+pi−, B0d → K+pi−, B0s → K+K− and B0s → K−pi+. The measurement
of CP violation using this sample has good accuracy and compatible with B-factories [19, 20]: ACDFCP (B0d → K+pi−) =
−0.058±0.039(stat.±0.007(syst.)) [21]. The next step is an observation of B0s → K−pi+ decay and determination of
the direct CP violation in the Bs system which could be a model-independent probe for new phenomena [22, 30].
DØ obtained the world most precise result on the CP violation in mixing in Bd system: ℜ(εB)/(1+ |εB|2) = adf s/4=
−(1.1±1.0±0.7)×10−3 [23]. Changes in the magnet polarities during different periods of data taking help to reduce
systematic uncertainties in the CP violation measurements. This work was an important step toward the CP violation
in mixing measurement in Bs system [24].
CONCLUSION
Complex studies of the Bs properties are being conducted using the CDF and DØ detectors at the Tevatron Collider.
The results on Bs mixing, lifetime difference and first steps toward the CP violation measurements in Bs system were
discussed in details.
ACKNOWLEDGMENTS
The author thanks the organizers of the Symposium for very interesting program and the physics analysis representa-
tives from CDF and DØ for providing results.
REFERENCES
1. BABAR, http://www.slac.stanford.edu/BFROOT/;
BELLE, http://belle.kek.jp/.
2. S. Uozumi, B Masses and Lifetimes at the Tevatron, These proceedings.
3. V. Krutelyov, Rare B Decays at the Tevatron, These proceedings.
4. K. Anikeev et al., B physics at the Tevatron: Run II and beyond, arXiv:hep-ph/0201071.
5. E. Barberio et al., arXiv:hep-ex/0603003.
6. M. Ciuchini et al., JHEP 0308 031 (2003), arXiv:hep-ph/0308029.
7. U. Nierste, arXiv:hep-ph/0406300.
8. M. Bona et al., JHEP 0507 028 (2005).
9. J. Charles et al., Eur. Phys. J. C 41, 1 (2005).
10. W. M. Yao et al., Review of Particle Physics, J.Phys. G 33 1 (2006).
11. H. G. Moser, A. Roussarie, NIM A 384, 491 (1997).
12. V. Abazov et al., Phys.Rev.Lett. 97 021802 (2006).
13. A. Abulencia et al., Phys.Rev.Lett. 97 062003 (2006).
14. CDF collaboration, http://www-cdf.fnal.gov/physics/new/bottom/060316.blessed-bsdsds/.
15. DØ collaboration, http://www-d0.fnal.gov/Run2Physics/WWW/results/prelim/B/B37/B37.pdf.
16. CDF collaboration, http://www-cdf.fnal.gov/physics/new/bottom/060126.blessed-BsKK_lifetime/.
17. DØ collaboration, http://www-d0.fnal.gov/Run2Physics/WWW/results/prelim/B/B36/B36.pdf.
18. M. Beneke et al., Phys. Lett. B 459 631 (1999); input parameters updated in March 2006.
19. Belle collaboration, [arXiv:hep-ex/0507045].
20. BaBar collaboration, [arXiv:hep-ex/0607106].
21. CDF collaboration, http://www-cdf.fnal.gov/physics/new/bottom/060309.blessed-ACP_BdKpi/.
22. H. J. Lipkin, Phys. Lett. B 621 126 (2005).
23. DØ collaboration, http://www-d0.fnal.gov/Run2Physics/WWW/results/prelim/B/B29/B29.pdf.
24. DØ collaboration, http://www-d0.fnal.gov/Run2Physics/WWW/results/prelim/B/B40/B40.pdf.
25. M. Beneke et al., Phys. Lett. B 576 (2003) 173, arXiv:hep-ph/0307344.
26. A. Lenz et al., JHEP 06 (2007) 072, arXiv:hep-ph/0612167.
27. A. Badin et el., arXiv:0707.0294 [hep-ph].
28. A. S. Dighe et al., Eur. Phys. J. C 6, 647 (1999), arXiv:hep-ph/9804253.
29. I. Dunietz et al., Phys. Rev. D 63, 114015 (2001), arXiv:hep-ph/0012219.
30. R. Fleischer, arXiv:0705.1121 [hep-ph].
